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Abstract 
 
Lithium-ion batteries (LIBs) have been developed as useful and power source for electronic devices 
(e.g. cellular phones, laptop computer, portable devices, etc.). Furthermore, LIBs are one of the most 
promising energy storage devices for electric vehicles (EV), hybrid electric vehicles (HEV) and plug-
in hybrid electric vehicle (PHEV) by reason of their high energy, high capacity retention and long 
cycle life.  
To be high energy density of batteries should be achieved by increasing discharge capacity of the 
cathode and/or by increasing the working potential of cathode materials. Among all candidate cathode 
materials, spinel lithium manganese oxide (LiMn2O4) has been considered as alternative cathode 
materials beyond layered lithium cobalt oxide (LiCoO2) because of low cost, eco-friendly, cyclability 
and it has a high specific capacity. However, the LiMn2O4 cathode suffers from manganese dissolution 
resulting in fast capacity fading. Therefore, it is strictly required that the manganese dissolution be 
restrained for attaining highly reliable batteries. 
In order to overcome capacity fading by manganese dissolution of the spinel LiMn2O4 cathode, 
functional additives are considered to alleviate the manganese dissolution on the cathode. 
Tris(trimethylsilyl) phosphite (TMSPi) is used as an oxidative additive for build-up of a protective 
layer on the cathode. 
To understand the effect of functional additives on the manganese dissolution based on result, the 
open circuit voltage (OCV) variation of full cells with the LiMn2O4 cathode during storing at 60 °C 
and capacity retention are investigated. The effect of sacrifical additive on the manganese dissolution 
is confirmed by the observation of surface morphology and the analysis of surface chemistry of cycled 
cathodes were carried out. Additionally, the impact of TMSPi additive on the cycling properties of 
LiMn2O4/graphite full cells at 60 °C is investigated. It is found that the addition of TMSPi can achieve 
noticeable improvement of the discharge capacity of half and full cells, and capacity retention of full 
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cells during storing at 60 °C. 
In summary, it is suggested that TMSPi is a promising additive to make organic-inorganic based 
SEI on the cathode and improve cycling performance of half cells and full cells with the LiMn2O4 
cathode.  
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I. Introduction 
 
  During the past several decades, the improvement of engineering and development of science have 
changed our world continuously. From the demand for energy, innovative technologies try to solve 
serious resource problem which is running short of oil. To alternate previous energy source system, 
any source of usable energy intended to replace fuel and without the greenhouse gas emissions or 
pollution of nature, have been studied. 
Electrochemical energy systems function as countermeasure to cope with energy problem. Energy-
storage technologies have attracted much attention for various electronic devices. Rechargeable 
battery system is one of environmental friendly and high energy electrochemical system among many 
energy systems. Lithium-ion batteries (LIBs) have been successfully commercialized as a 
rechargeable battery system for portable electronic devices.
1-2 
(Fig. 1) Recently, medium-large sized 
batteries are required for electric vehicles (EVs), and energy storage system (ESS) considering 
economic and environmental considerations.
 3-7
 (Fig. 2) Therefore, the area of LIBs has come to be 
one of the most challenging, interesting and promising energy storage systems to replace fossil fuels. 
 
 
 
 
 
 
 
  
16 
 
 
Figure 1. Application of rechargeable battery for various devices. (Samsung SDI, 2008) 
 
 
 
 
 
Figure 2. Along with calculated driving distances and prices, specific energies for several 
rechargeable battery systems.
3
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1.1. Lithium-ion batteries (LIBs)  
 
  Lithium is the lightest metal in the world and the most electropositive element which has –3.04 V 
vs. standard hydrogen electrode. Its properties motivate for using an electrochemical energy source 
system based on Li metal as anode firstly, so forwarding the energy power source systems with high 
energy density.
2
 
  Lithium-ion batteries (LIBs) are rechargeable batteries that convert chemical energy to electric 
energy by using lithium ions. Although the unit cost of production for LiBs is high-priced, LIBs 
operates more than three times hours of use than Ni-Cd, Ni-MH batteries. So, LIBs are used as the 
most commercialized rechargeable batteries in present.
5-7
  
  LIBs are composed of cathode, anode, electrolyte and separator. Trasition metal oxide containing 
lithium is cathode for LIBs. Anode is carbonaceous material or non-carbonaceous material (Metal 
oxide-based or Li alloy-based etc.). Electrolyte is medium for transporting solvated lithium ions 
between the electrodes during electrochemical processes. Separator, which is comprised of 
polyethylene (PE) and polypropylene (PP) by appropriate ratio, keeps a cathode apart from an anode 
physically for preventing any electronic current passing directly between electrodes and transporting 
only the charge carriers (lithium ions).
4
 (Fig. 3)
 
Nowadays, LIBs are used and have been furthered as the most energy source for portable electronic 
devices such as celluar phones, camera, tablet PC and laptop computer. Furthermore, LIBs are one of 
the most promising energy storage devices for electric vehicles (EV), hybrid electric vehicles (HEV) 
and plug-in hybrid electric vehicle (PHEV) by reason of their high energy, high capacity retention and 
long cycle life.
1-5 
Although LIBs were successfully commercialized, a noticeable improvement in 
energy density of Li-ion cells is required to satisfy high capacity and/or high power density for 
applications such as renewable energy systems and power tools. For future LIBs and post generation 
battery systems are also studied actively to get over and surpass beyond limitation of LIBs.
1
 (Fig. 4)
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Figure 3. Schematic of LIBs during discharge process.
4 
 
 
 
Figure 4. For available and future technologies, a range of specific energy densities for various 
rechargeable battery systems in comparison.
1 
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1.2. Spinel lithium manganese oxide (spinel LiMn2O4) 
 
  Manganese, which is transition metal is used widely owing to low cost and abundant supplies and 
eco-environmental material. In battery, manganese-based material is applied as electrode active 
materials such as manganese dioxide in alkaline battery and LiMn2O4 in LIBs. Spinel LiMn2O4 is one 
of the active materials as promising cathode material for LIBs that are of considerable interest because 
of their economical, non-toxic, good safety properties, and high power capability. 
Spinel structure has AB2O4 formula, and O
2-
 ions occupy at the position of a cubic close packed 
(CCP) with eight tetrahedral sites and four octahedral sites per formula unit topologically. A spinel 
structure LiMn2O4, which is manganese based material, belongs to the Fd3m space group of cubic 
(Fig. 5), was firstly described by Michael Thackeray in the mid-1980s.
8
 In spinel LiMn2O4, octahedral 
voids are occupied by manganese ions, which is surrounding a 3-D network edge-sharing MnO6-
octahedra (16d sites) and the tetrahedral voids are occupied by lithium ions (8a sites). This reversible 
lithium insertion material has been developed to substitute cobalt or nickel system owing to its 
excellent rate capability, less polluting and safety characteristics, so it is attractive positive electrode 
candidate material for LIBs.
9
 
There are two steps to be able to use working potential, 3 V and 4 V versus Li/Li
+ 
of discharge 
process in spinel LiMn2O4. Usually, only the 4 V plateau by realization of higher specific energy and 
highly a reversible Mn
3+
/Mn
4+
 redox reaction is used in practical applications. (Fig. 6)  
The electrochemical reaction or redox reaction during charge and discharge process of the spinel 
LiMn2O4 occurs through lithiation/delithiation from or into the Mn2O4 host lattice according to:
10
  
 
Charge : LiMn2O4 → Li1-xMn2O4 + xLi
+
 + xe
- 
 
Discharge : Li1-xMn2O4 + xLi
+
 + xe
-
 → LiMn2O4 
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Figure 5. Spinel structure of the LiMn2O4.
8
 
 
 
 
 
 
 
Figure 6. A working potential of spinel lithium manganese oxide cell during charge and discharge 
process between 2.0 V and 4.5 V.
10 
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However, main problem of spinel LiMn2O4 is the capacity fading by manganese dissolution during 
storage or cycling at elevated temperature. Many possiblities have been proposed to describe the 
causes about this problem: (1) Disproportionation reaction, (2) Jahn-Teller distortion, (3) mechanical 
stress during cycling and (4) Change of lattice constant, (5), Formation of oxygen-rich spinel, (6) Site 
exchange between lithium and manganese and (7) Electrolyte oxidation.
9-12
 
The reaction by hydrogen fluoride (HF) to LiMn2O4 from the electrolyte especially at elevated 
temperatures is one of the important reasons for capacity fading and poor cycle performance. It is 
investigated that the manganese dissolution is accelerated by anion oxidation and generation of HF, 
which is produced by the decomposition of lithium hexafluorophosphate (LiPF6) salt with presence 
water in the electrolyte. The capacity fading of LiMn2O4 cells is attributable to the dissolution of 
manganese ions. The Mn
3+
 ions may disproportionate at the surface of electrode as followed the 
equation: 
 
2Mn
3+
 → Mn4+solid + Mn
2+
solution 
 
and Mn
2+
 dissolves into the electrolyte and migrates toward anode surface. (Fig. 7) At elevated 
temperature, dissolved Mn
2+
 ions migrate toward surface of anode and cause lithium ion releasing 
from lithiated graphite anode. Hence, lithium-ion cells with LiMn2O4 /graphite cells suffer capacity 
fading at elevated temperature.
11-12
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Figure 7. Schematic illustration described reasons of capacity fading of LiMn2O4 cathode: 
Mechanism of manganese dissolution (a) by HF attack and (b) by anion oxidation.
11
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To remedy shortcoming of LiMn2O4, many researches have tried to study partial substitution with 
different transition metals for stable LiMn2O4 to decrease trivalent oxidation state of manganese ions. 
According to partial substitution of manganese ions with (transition) metals such as Li, Co, Ni, Cr, Fe, 
Nd, Sm, Cu, Al etc., LiMn2O4 cathode enhanced its structure stability to restrain Jahn-Teller distortion, 
and it led to improving electrochemical stability of LiMn2O4 cathode.
13-23
 
Another method was surface coating to control the surface of LiMn2O4. With Al2O3, SiO2, ZrO2, 
ZnO, MgO, AlF3, AlPO4 and Li2O·2B2O3 materials play a role of protection layer on surface of 
LiMn2O4 to suppress manganese dissolution by blocking direct contact with electrolyte. It could 
represent maintenance of capacity of LIBs by surface modifications.
24-38
 
The capacity fading by manganese dissolution of LIBs can be explained by self-released lithium 
ions from lithiated graphite. Cells applied SEI-former to hinder manganese deposition on the surface 
of graphite anode showed an outstanding improvement of capacity retention of spinel LiMn2O4 
cathode by a protection layer.
39-41
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Figure 8. SEM images and voltage profiles of Li1.05M0.05Mn1.9O4 powder: M = (a) Mn, (b) Ni, 
(c) Mg, and (d) Al.
13
 
 
 
 
 
 
Figure 9. Discharge capacity of LiMn1.99Nd0.01O4 and LiMn2O4 dependence on cycle number.
20
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Figure 10. Schematic model of the borate passivation layer on the LiMn2O4 surface.
29
 
 
 
 
 
 
Figure 11. Discharge capacity during cycle of the compounds, LiMn2O4 and Li(M1/6Mn11/6)O4 
(Voltage range between 3.5 and 4.3 V). (a) At 0.1C rate, (b) at varying C rates.
36
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1.3. Additives for spinel lithium manganese oxide 
 
It is believed that the main problem for the achievement of LiMn2O4 cathode is significant 
manganese dissolution, especially at elevated temperatures. Therefore, the varied considerations of 
numerous treatments should be taken to restrain manganese dissolution. Many approaches have been 
tried to develop stable LiMn2O4 cathode for improving the electrochemical performance of the spinel 
LiMn2O4 by different methods: (1) Partial manganese substitution with different (transition) metals, (2) 
Partial anion substitution O with F, and (3) Metal oxide surface coating, (4) PF6
-
 anion acceptor, (5) 
additives for removal water and (6) HF. The surface stability of materials and electrolyte should be 
implemented as major topics for enhancing performance of the LiMn2O4 at elevated temperature.  
The use of electrolyte additives which is less than 5% either by volume or by weight, would be 
economic and efficient approach to inhibit the capacity fading then, improve the cycling performance 
of lithium-ion batteries. 
Additive for spinel LiMn2O4 cathode of LIBs, hexamethyldisilazane additive firstly suppressed the 
decomposition of lithium salt, LiPF6 by removing water and neutralizing acid in solution as follow: 
42
 
(CH3)3SiNHSi(CH3)3 + H2O → (CH3)3SiOSi(CH3)3 + NH3 
In succession, heptamethyldisilazane as additive assigned stable cycle performance of LiMn2O4 
cathode by reaction with HF.
43
 Then, mixed additives of ethanolamine and heptamethyldisilazane was 
reported recently to prevent manganese dissolution for LiMn2O4 cathode by eliminating water and 
HF.
44
 
Tris(pentafluorophenyl) borane (TPFPB) which is Lewis base material as an anion receptor additive 
for LiMn2O4/Li cells 
45
 and also, hexamethoxycyclotriphosphazene (HMOPA) and hexamethylphos- 
-phoramide (HMPA) were introduced as same roles in electrolyte for LiMn2O4/Li cells.
46
 
To shield lithiated graphite, electrolytes with small amount LiI, LiBr, NH4I was applied for 
LiMn2O4/graphite cells.
47
 Park et al. reported fluoroethylene carbonate (FEC) as forming stable SEI 
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layer on surface of graphite for LiMn2O4/graphite cells.
48 
Y. Liu et al. used tris(trimethylsilyl)borate 
(TMSB) as protection agent for creating appreciate protection layer on surface of LiMn2O4 cathode.
49
 
Lately, 2-(triphenylphosphoranylidene) succinic anhydride additive improved cycle performance of 
LiMn2O4/graphite cells at high temperature by modifying both surfaces of LiMn2O4 and graphite.
50 
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Figure 12. Cycle performance of LiMn2O4/Li cells with and without 0.1 M TPFPB additive in a 
commercial LiPF6-based electrolyte at 55 °C.
45
 
 
 
 
 
Figure 13. Discharge capacity curves of the unit cells during cycling at (a) 25 °C (1C) and (b) 60 °C 
(C/2) of LiMn2O4/graphite full cell with and without 2 wt.% FEC additive. (Reference electrolyte: 
EC/DEC/PC (30/65/5 by weight) 1M LiPF6.
48
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II. Theoretical background 
 
2.1. Solid electrolyte interphase layer (SEI layer)  
  
In LIBs, one of the most attractive advancements is the understanding of the surface chemistry of 
interphase between electrode and electrolyte. During first cycle of in a cell, reducible decompositions 
of organic solvent and lithium salt mostly come about a passivation layer between an electrolyte and 
electrode. This layer on the surface of electrode was named SEI (Solid electrolyte interphase) layer by 
Peled 
51
. It is one of major determinant factor for performance of LIBs such as cycle life, rate 
capability and safety of LIBs for example, thermal behavior. Therefore, the design of appropriate SEI 
layers is one of the most necessary steps in LIBs.
52 
  
When the electrode contacts with the electrolyte instantaneously in LIBs, the layer is formed. It is 
composed of partially soluble reduction products of electrolyte components and insoluble inorganic 
material from decomposition of lithium salt. The thickness of complicated layer is few Å  to tens or 
hundreds of Å . It is determined by the electron-tunneling range of important factor in electrochemical 
systems. This layer was called a ―solid electrolyte interphase‖ SEI layer,54 owing to similarity with 
interphase between the electrode and the electrolyte and also high electronic resistivity like a solid 
electrolyte. So, in order to evade inappropriate SEI layer which leads to internal resistance, and self-
discharge, uniform morphology and chemical composition are very important for high performance of 
the LIBs. In LIBs, the SEI layer must be both mechanically flexible and stable. Therefore, the 
electrolyte is necessary to design with several materials that react with surface of electrodes or lithium 
metal for forming proper SEI layer.
 52-53
 
The deposition-dissolution process of an electrode covered by an SEI layer involves three 
successive steps, which are described schematically as follows: 
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Electron transfer at the metal/SEI interface 
Mﾟ –  ne- → Mﾟ+ M/SEI     (2.1) 
Migration of cations from one interface to the other when tM
+
 = 1 (or migration of anions when tX
-
 
=1) 
                     Mﾟ+ M/SEI  →  Mﾟ
+
 SEI/sol          (2.2) 
Ion transfer at the solid electrolyte interphase/solution (SEI/sol). For tM
+
 = 1 
                 M (solv)  +  Mﾟ+ SEI/sol  →  Mﾟ
+
 m(solv)     (2.3) 
In principle, any one of these could be the rate-determining step (r.d.s). However, it was proven that 
ionic migration through the SEI layer is the rate-determining step from many experiments. 
Furthermore, it was found that the rate of nucleation of the metal deposition is influenced by the 
interfacial resistance. This transport process from compatibility between electrode and electrolyte is a 
key variable in the operation of non-aqueous SEI layer for rechargeable batteries.
 52-53
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Figure 14. Representation of lithiated graphite electrode surrounded by SEI layer. 
54
 
 
 
 
 
 
Figure 15. Schematic image of inhomogeneous SEI on lithium or carbon electrode.
53
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2.2. Molecular orbital (MO) 
 
Molecular orbital (MO) is a wave function whose square gives the probability of finding an 
electron within a given region of space in a molecule. 
Knowing molecular orbital is need for compatible anode and cathode SEI layers.  
 
2.2.1. Highest occupied molecular orbital (HOMO) 
        
  HOMO is abbreviated to highest occupied molecular orbital. It represents energy level, which is 
electron donating potential toward being able to accept electron. Oxidation process is generated by 
HOMO energy. 
 
 2.2.2. Lowest unoccupied molecular orbital (LUMO) 
   
  LUMO is abbreviated to lowest unoccupied molecular orbital. It instructs energy level, which is 
electron accepting potential from being able to donate electron. Reduction process is generated by 
LUMO energy. 
 
The cathode is oxidant, the anode is the reductant, and the window of the electrolyte signifies 
energy gap (Eg) between LUMO and HOMO of electrolyte. An anode with a higher than LUMO of 
electrolyte will reduce the electrolyte unless a passivation layer generates an obstruction to electron 
transfer from the electrolyte HOMO to cathode. It is possible to theoretically predict the 
electrochemical reduction and oxidation tendency through the HOMO and LUMO energy of 
molecules.
55, 66
 (Fig. 16) 
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Figure 16. Schematic illustration of energy diagram in electrochemical system.
55
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2.3. Additive 
 
  Additive usually shows an obvious effect upon the cycle performances of the unit cells with less 
than 5% either by volume or by weight amount of electrolyte. It is believed that deploying additive is 
an economical and effective method for enhancement of cycle performance because this approach is 
versatile with regard to various types of electrode systems. For better battery performance, the 
additives are able to facilitate formation of SEI layer on the surface of electrodes, reduce irreversible 
capacity and gas generation for the SEI layer formation and long-term cycling, improve thermal 
stability of LiPF6 against the organic electrolyte solvents, protect cathode material from dissolution 
and overcharge, and enhance physical properties of the electrolyte such as ionic conductivity, 
viscosity, wettability to the separator, and so on. For better battery safety, the additives are able to be 
lower flammability of organic electrolytes, provide overcharge protection or increase overcharge 
tolerance, and terminate battery operation in abuse conditions.
56-58
 
 
2.3.1. Oxidative additive 
 
Oxidative additive has the highest HOMO energy level in electrolyte. It is chiefly oxidized on 
surface of cathode during first charge process. To obtund performance deterioration of the cathodes, 
oxidative additive need to play a role for restraining water and acidic impurities (HF), and irreversible 
oxidization of the electrolyte solvents. Since the contents of water and acidic impurities in the 
electrolyte have been strictly controlled before use, these impurities are chiefly generated during 
electrochemical process. The other approach was to form a protective layer on the surface of cathode 
to prevent further dissolution. This layer is derived from oxidation of oxidative additive and 
decomposition of electrolyte. It is that the additive molecules combine with the dissolved metal ions 
to form substantially insoluble products, which are subsequently covered onto the cathode surface to 
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prevent further dissolution.
56 
So, oxidative additive which has higher HOMO energy are appropriate 
for cathode materials because they reveal lower oxidation potential and will be oxidized on the 
cathode prior to other organic solvent in electrolyte to form passivation layer film. 
 
2.3.2. Reducible additive 
 
In general, it is known that the anodic reaction associates with the lowest unoccupied molecular 
orbital (LUMO), while the cathodic reaction relates to the highest occupied molecular orbital 
(HOMO). Basically, a molecule with a low LUMO energy level should be easy to accept electron 
then, more reactive on the negatively charged surface of the anode. This type of reducible additive 
usually has higher reductive potentials than the electrolyte solvents. It is usually reduced on surface of 
anode during first charge process to form SEI layer. SEI formation can be facilitated by chemically 
coating an organic layer onto the surface of graphite through an electrochemical reduction of additive. 
In order to match the qualifications of the additive for anode materials, the additive should have lower 
LUMO energy than that of other solvents, and thus they will be reduced first on the anode surface to 
form passivation layer film.
 
Therefore, use of reducible additive not only increases the stability of the 
SEI but also reduces gas generation due to the participation of additive molecular moieties into the 
SEI. 
50, 56-58
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III. Experimental 
 
3. 1. Materials 
  
The liquid electrolyte solution was composed of lithium hexafluorophosphate (LiPF6, Soulbrain Co. 
Ltd.), ethylene carbonate (EC, Soulbrain Co. Ltd.) and ethylmethyl carbonate (EMC, Soulbrain Co. 
Ltd.). Additives such as tris(trimethylsilyl) phosphite (TMSPi, Aldrich) and vinylene carbonate (VC, 
Soulbrain Co. Ltd.) are used for experiments. Slurry of cathode was prepared by mixing of 
Li1.1Mn1.86Mg0.04O4 particles (LMO, Mitsui Co. Ltd.) as an active material, a conductive agent (Super-
P, Timcal Inc.) as a conducting material, and polyvinylidene fluoride (PVdF, Kureha Chemical 
Industry) binder dissolved in anhydrous N-methyl-2-pyrrolidinone (NMP, Aldrich). Slurry of anode 
was prepared by mixing of graphite as an active material, carboxymethyl cellulose (CMC) binder, and 
styrene-butadiene rubber (SBR) binder dissolved in water. 
A separator is used microporous polyethylene film (PE, SK innovation Co. Ltd.) has 20 μm 
thickness and 38 % porosity. 
 
3. 2. Preparation of liquid electrolytes 
 
EC and EMC as organic solvent were mixed 3:7 by volume ratio. 1.0M LiPF6 is dissolved by co-
solvent mixture by stirring process. 0.5 wt.%, 1.0 wt.%, 3.0 wt.% TMSPi, 1.0 wt.% VC and 1.0 wt.% 
VC with 1.0 wt.% TMSPi as additives is added into each electrolyte. 
 
 
 
 
  
37 
 
3. 3. Preparation of lithium-ion cells 
 
3.3.1. Spinel LiMn2O4 cathode half cell 
 
Slurry of cathode was prepared by mixing 90 wt.% of Li1.1Mn1.86Mg0.04O4 (LMO) particles, 5.0 wt.% 
of Super P (carbon black) as a conductive agent, and 5.0 wt.% of polyvinylidene fluoride (PVdF) 
binder solution dissolved in anhydrous N-methyl-2-pyrrolidinone (NMP). The mixed slurry was cast 
on an aluminum foil. Then the casted-composite cathode was dried in convection oven at 80 °C for 30 
minutes. The electrode was next pressed and its thickness was around 29 μm. The electrode was 
punched 16 pi, welded upon 2016 coin-type bottom and dried in vacuum oven at 110 °C for 2 hours. 
The specific capacity of the cathode and the active material loading were 0.812 mAh cm
-2 
and 7.38 
mg cm
-2
.  
A coin-type half cell (2016) with a Li1.1Mn1.86Mg0.04O4 cathode and a Li metal electrode was 
assembled with each electrolyte in an argon-filled glove box with few oxygen and moisture. A 
microporous polyethylene (PE) film and electrolyte are used to fabricate with 2016 coin-type cells.  
 
 
3.3.2. LiMn2O4/graphite full cell 
 
Slurry of cathode was prepared by mixing 90 wt.% of Li1.1Mn1.86Mg0.04O4 (LMO) particles, 5.0 wt.% 
of carbon black as a conductive agent, and 5.0 wt.% of polyvinylidene fluoride (PVdF) binder 
dissolved in anhydrous N-methyl-2-pyrrolidinone (NMP). The mixed slurry was cast on an aluminum 
foil. Then the casted-composite cathode was dried in convection oven at 80 °C for 30 minutes. The 
electrode was next pressed and its thickness was around 80 μm. The electrode was punched 15 pi, 
welded upon 16 pi 1.0 T spacer disk and dried in vacuum oven at 110 °C for 2 hours. The specific 
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capacity of the cathode and the active material loading were 2.315 mAh cm
-2
 and 21.045 mg cm
-2
 by 
designing for 1.08 N/P ratio.  
Slurry of anode was prepared by mixing 97 wt.% of graphite particles, 1.0 wt.% of carboxymethyl 
cellulose (CMC) and 2.0 wt.% styrene-butadiene rubber (SBR) as co-binder dissolved in water. The 
thickness of electrode was around 46 μm. The electrode was punched 16 pi, welded upon 2032 coin-
type bottom and dried in vacuum oven at 110 °C for 2 hours. The specific capacity of the anode and 
the active material loading were 2.389 mAh cm
-2
 and 6.825 mg cm
-2
.  
A coin-type full cell (2032) with a Li1.1Mn1.86Mg0.04O4 cathode and a graphite anode was assembled 
with each electrolyte in an argon-filled glove box with few oxygen and moisture. A microporous 
polyethylene (PE) film and electrolyte are used to fabricate with 2032 coin-type cells. 
 
3.4. Electrochemical measurements  
 
  Galvanostatic charge and discharge process (WonATech WBCS 3000 battery measurement system) 
was performed at first cycle in the potential window from 3.0 V to 4.3 V versus Li/Li
+
 with 
LiMn2O4/Li 2016 coin-type half cell. Charge and discharge rate was 0.5C rate in the potential range 
between 3.0 V and 4.3 V during cycling after 0.2C rate in precycling process. 
 In full cell, the cells were performed in the potential window from 2.75 V to 4.2 V versus Li/Li
+
 
with LiMn2O4/graphite 2032 coin-type full cell. The precycle condition is 0.1C rate charge and 
discharge process with 1/50 C rate (CV) after charge process in the potential range between 2.75 V 
and 4.2 V (CC). During cycling, rate was 0.5C rate in the potential range between 2.75 V and 4.2 V 
(CC) with 1/20 C rate (CV) after charge process.  
For OCV variation test, charged state-cells were stored at 60 °C after precycling. After stored at 
60 °C, the cells were cycled to do discharge process to measure discharge capacity retention of 
delithiated cells. 
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3. 5. Instrumental analysis  
 
3.5.1. X-ray diffraction (XRD) 
 
X-ray diffractometry is generally used for the characterization of electrode materials. XRD is 
determined by a monochromatic X-ray beam. It is reflected from it at different scattering angles after 
that collision with the electrode. As the X-rays are reflected by the atoms in the electrode’s lattice, and 
since the wave length is of the same order of magnitude as interatomic distances in the solid state, 
interference among the reflected X-rays occurs, leading to typical, unique diffraction patterns for each 
specific material.
59 
A completed analysis of lattice structures are collected from judicious treatment of 
the data in the XRD patterns. 
  Powder X-Ray diffraction (XRD) data was collected on Bruker AXS D2 diffractometer using Cu 
Kα radiation and operating from 2 θ = 10 ﾟ− 80 ﾟ. The patterns were analyzed by using software from 
Bruker AXS. 
 
3.5.2. 
19
F and 
31
P - nuclear magnetic resonance (
19
F, 
31
P - NMR) 
 
19
F and 
31
P - NMR may be found to be very practical for the study of F intercalation and P 
intercalation into electrolyte. NMR provides information on the environment of the element studied.  
19
F and 
31
P - NMR spectra were recorded on Agilent (VNMRS 600) spectrometer, and THF-d8 was 
used as a solvent. 
19
F and 
31
P - NMR resonances were referenced to LiPF6 nearby -72.4 ppm and -146 
ppm, respectively.  
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3.5.3. Fourier transform infrared spectroscopy (FT-IR) 
   
FT-IR spectrometer provides a spectrum in the time domain, which is Fourier-transformed by a 
computer to a spectrum in the frequency domain. It is possible to analyze surface on electrodes. The 
electrode can be scanned repeatedly, and the accumulated spectra can be averaged, thus producing a 
representative IR spectrum of a very high signal-to-noise ratio.  
Attenuated total reflectance–Fourier transform infrared (ATR-FTIR) spectra of graphite anodes 
were recorded in reflectance measurements using a Varian 670-IR spectrometer with a spectral 
resolution of 4 cm
-1
 under a nitrogen atmosphere. 
 
 3.5.4. Field emission scanning electron microscopy (FE-SEM)  
 
  The surface morphology of the electrodes was observed with a field emission scanning electron 
microscope (FE-SEM; JEOL JSM-6700F). Electrodes were prepared in a glove box and sealed with 
an aluminum pouch film under a vacuum before use. Then, samples were rapidly transferred into a 
chamber of FE-SEM instrument to minimize any possible contamination. Scanning the sample by 
detection of secondary electron from sample illustrate image to confirm morphology of electrode 
surface. 
 
3.5.5. Energy-dispersive X-ray spectroscopy (EDS) 
 
The EDS technique involves an analysis of the X-ray radiation emitted from surfaces which are 
studied by scanning electron microscopy (SEM).
60
 The surface studied by SEM is hit by the electron 
beam, emitting X-rays of a limited penetration depth which are specific to the elements present on the 
surface. This method provides qualitative and quantitative element analysis of electrode surfaces.  
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3.5.6. X-ray photoelectron spectroscopy (XPS) 
  
The XPS technique is based on the analysis of the energy of electrons emitted owing to irradiation 
of surface by X-ray beam. The energy reflects very unique the elements present on the surface, as well 
as their oxidation states. A vacuum system is required and it is an ex situ technique. XPS system 
includes the option of depth profiling of the surface studied by sputtering the surface. The information 
thus obtained is highly specific, both qualitatively and quantitively, and a completed comprehensive 
element analysis is provided. 
61
  
The dried electrodes were used for ex-situ X-ray photoelectron spectroscopy (XPS, Thermo 
Scientific K-Alpha system) measurement. Ex-situ X-ray photoelectron spectroscopy measurements 
for dried electrodes were performed with Al Kα (hν = 1486.6 eV) radiation under ultrahigh vacuum. 
XPS spectra were taken using a 0.10 eV step and 50 eV pass energy. All XPS spectra were energy 
calibrated by the hydrocarbon peak at the binding energy of 284.8 eV. 
 
3.5.7. Coulometric Karl Fischer titration (KF-titration) 
 
Coulometric Karl Fischer titration is one of the titration methods that use coulometric titration to 
determine trace amounts of water in a sample. Water content of each electrolyte was recorded by C20 
Compact Karl Fischer Coulometer (METTLER TOLEDO). 
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IV. Result and discussion 
 
4.1. Effect of TMSPi additive on electrochemical performance of LiMn2O4/Li cells 
 
Tris(trimethylsilyl)phosphite (TMSPi) (Fig. 17) can be useful as oxidative additive for LiMn2O4 in 
LIBs due to high highest occupied molecular orbital (HOMO) energy level. Since TMSPi has a 
HOMO energy (-7.529 eV) than that of EC (-11.9 eV) (Table 1), TMSPi is liable to lose electrons 
relative to EC solvent when charged up. In this regard, TMSPi oxidation on the LiMn2O4 cathode is 
thought to take place preceding reaction to other electrolyte components (solvents and salt) and form 
the SEI on the cathode.  
 
 
Figure 17. Structure of TMSPi additive. 
 
 
Table 1. HOMO and LUMO energies of organic materials in electrolyte and a TMSPi additive. 
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The galvanostatic electrochemical cycling performance of LiMn2O4/Li cells containing TMSPi 
additive is presented in Fig. 18. The cells were cycled at 0.5C rate under constant applied current at 
the range between 3.0 V and 4.3 V during 150cycles at 60 °C. An excellent cycling performance of 
LiMn2O4 cathodes was achieved in TMSPi-added electrolyte compared to that of base electrolyte. As 
a result, a capacity fading was depleted evidently by effect of TMSPi additive. The cells containing 
TMSPi additive were performed about 18 % capacity fading phenomena ((b) with 0.5 wt.% TMSPi: 
18.1 %, (c) with 1.0 wt.% TMSPi: 17.5 %, (d) with 3.0 wt.% TMSPi: 18.2 % respectively), compared 
with that of (a) no TMSPi additive in electrolyte, 33.8 % after 150
th
 cycle at 60 °C. Its discharge 
capacity retention was drastically improved from 66.2 % to 82.5 % after 150
th
 cycle at 60 °C. 
Because of manganese dissolution, specific capacity of the cell cycled in base electrolyte was 
decreased drastically, and coulombic efficiency (CE) of the cell was also reduced below 98.5 % after 
80
th
 cycles in Fig. 19. However, coulombic efficiency of cells which containing TMSPi-added 
electrolyte was retained 99.0 % after 150
th
 cycle. It showed a noticeable improvement in cycling 
stability. An excellent cycling stability of LiMn2O4 cathode at 60 °C was achieved in TMSPi-added 
electrolyte and delivered a capacity without conspicuous capacity loss during 150 cycles.  
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Figure 18. Cycle performance of LiMn2O4/Li half cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) as 
electrolyte (a) without TMSPi additive, (b) with 0.5 wt.% TMSPi, (c) 1.0 wt.% TMSPi and (d) 3.0 wt.% 
TMSPi at 60 °C. Charge-discharge rate was 0.5C rate between 3.0 V and 4.3 V. 
 
 
 
 
 
 
 
Figure 19. Coulombic efficiency of LiMn2O4/Li half cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) as 
electrolyte (a) without TMSPi additive, (b) with 0.5 wt.% TMSPi, (c) 1.0 wt.% TMSPi and (d) 3.0 wt.% 
TMSPi at 60 °C. Charge-discharge rate was 0.5C rate between 3.0 V and 4.3 V. 
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To further prove the positive effect of TMSPi additive on electrochemical properties of the cathode, 
Fig. 20 shows the cycle performance of LiMn2O4/Li cells at 30 °C with TMSPi additive or not. The 
cells were cycled at 0.5C rate under constant applied current at the same range of potential during 150 
cycles before results. The cell with base electrolyte presented about 11.3 % capacity loss at the 150
th
 
cycle, whereas the cell containing TMSPi additive performed about 8 % capacity fade ((a) with 0.5 
wt.% TMSPi: 8.0 %, (b) with 1.0 wt.% TMSPi: 8.4 %, (c) with 3.0 wt.% TMSPi: 8.3 % respectively) 
at the same cycle number.  
The cells with TMSPi additive showed a higher coulombic efficiency than that of the cell with base 
electrolyte at 30 °C in Fig. 21. CE of TMSPi-added electrolyte cells was above 99.4 % after 150
th
 
cycle but, that of base electrolyte cell was 97.9 % after same cycle. Interestingly, the LiMn2O4/Li half 
cells cycled in the TMSPi-added electrolyte displayed a significant enhancement in CE of capacity 
over 99 % during 150
th
 cycling at 30 °C.  
Maintenance of capacity and less decline of CE during cycling of the cell containing TMSPi 
additive can be explained by a TMSPi-derived solid electrolyte interphase (SEI) layer formed on the 
LiMn2O4 cathode. This SEI layer may behave as protection layer which inhibits direct contact of the 
electrolyte components with LiMn2O4 cathode. This result suggests that the TMSPi-derived SEI is 
robust enough to prevent the electrolyte decomposition at 30 °C and effectively reduces irreversible 
capacity during cycling. So, it indicates that the TMSPi additive affects the formation of the SEI in a 
favorable way.  
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Figure 20. Cycle performance of LiMn2O4/Li half cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) as 
electrolyte (a) without TMSPi additive, (b) with 0.5 wt.% TMSPi (c) 1.0 wt.% TMSPi and (d) 3.0 wt.% 
TMSPi at 30 °C. Charge-discharge rate was 0.5C rate between 3.0 V and 4.3 V. 
 
 
 
 
 
 
 
Figure 21. Coulombic efficiency of LiMn2O4/Li half cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) as 
electrolyte (a) without TMSPi additive, (b) with 0.5 wt.% TMSPi (c) 1.0 wt.% TMSPi and (d) 3.0 wt.% 
TMSPi at 30 °C. Charge-discharge rate was 0.5C rate between 3.0 V and 4.3 V. 
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To confirm the roles of TMSPi cathode protection agent additive, the open circuit voltage (OCV) 
of a delithiated spinel LiMn2O4 cathode was monitored when stored at 60 °C with metallic lithium as a 
reference electrode and counter electrode. The result given in Fig. 22 illustrated the OCV changes of 
LiMn2O4 cathode half cells during storing at 60 °C. It is obviously seen that the 0.5 wt.% and 1.0 wt.% 
addition of TMSPi suppressed the OCV drop of LiMn2O4/Li cells.  
This is instructed that TMSPi-derived surface layer covered on the cathode mitigated the manganese 
dissolution and thus restrained the manganese migration toward the anode surface. It is expected to 
hinder delithiation reaction effectively on anode, which is ―self-discharge‖.  
In case of electrolyte with 3.0 wt.% TMSPi, it shows poor property of OCV variation compared 
with base electrolyte after stored 10 days at 60 °C as forcasted. 
 
 
Figure 22. OCV variation of LiMn2O4/Li half cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) as 
electrolyte (a) without TMSPi additive, (b) with 0.5 wt.% TMSPi, (c) 1.0 wt.% TMSPi, and (d) 3.0 
wt.% TMSPi during storing at 60 °C. 
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To understand the significant effect of TMSPi additive in inhibiting the capacity fading of the 
delithiated LiMn2O4 cathode when stored at 60 °C, the discharge capacity retention of LiMn2O4 
cathode with/without TMSPi additive was measured as shown in Fig. 23. Case of (a) base electrolyte, 
57.5 mAh g
-1 
of discharge capacity and 55.5 % of capacity retention exhibited after stored for 20 days 
at 60 °C. The discharge capacity fading of cells with base electrolyte was much stronger than that of 
TMSPi-added electrolyte. The cathodes (b) with 0.5 wt.% and (c) with 1.0 wt.% TMSPi-added 
electrolyte delivered higher discharge capacity and capacity retention, 76.7 mAh g
-1
, 75.1 % (0.5 wt.% 
TMSPi) and 67.8 mAh g
-1
, 69.7 % (1.0 wt.% TMSPi) after stored 20 days at 60 
o
C. It is clearly seen 
that the discharge capacity of the cell with TMSPi-added electrolyte during storing was comparable 
with that of the cathode with base electrolyte.  
However, a cell (c) with 3.0 wt.% TMSPi-added electrolyte represented very low discharge 
capacity of 31.6 mAh g
-1
 after stored 20 days at 60 °C. (Table 2, 3) This implies that 3.0 wt.% TMSPi 
additive cannot sustain electrochemical properties of LiMn2O4 cathode for forming favor SEI layer on 
surface of LiMn2O4. A considerable increase in the discharge capacity retention is probably due to the 
formation of robust SEI via TMSPi additive oxidation on the cathode.  
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Figure 23. Discharge capacity retention of delithiated LiMn2O4/Li half cells after stored at 60 °C for 
different times using 1.0M LiPF6 in EC/EMC (3/7, v/v) as electrolyte (a) without TMSPi additive, (b) 
with 0.5 wt.% TMSPi (c) 1.0 wt.% TMSPi and (d) 3.0 wt.% TMSPi. 
 
 
 
 
 
 
 
  
50 
 
The characteristics of the suitable SEI layer formed on the cathode represent a key factor that 
affects the kinetics of electrochemical process and the interfacial stability during several cycles. To 
investigate stable surface of the LiMn2O4 cathode cycled in the TMSPi-added electrolyte, SEM and 
EDS analysis were progressed. 
The surface of LiMn2O4 cathodes with TMSPi-added electrolyte showed very clean and smooth 
surface after stored 20days at 60
o
C but, LiMn2O4 cathode cycled with base electrolyte was surrounded 
by by-product from decompoesed electrolyte compontents. (Fig. 24) After 150
th
 cycle at 60 °C, thick 
layer from continueous electrolyte decomposition on LiMn2O4 cathode cycled with base electrolyte 
was observed. EDS spectra for LiMn2O4 cathode in base electrolyte, provided the evidence for the 
existence of C, F and P atoms on the surface of LiMn2O4 cathode. It was formed by anion oxidation, 
which was major cause managnese dissolution and solvent decomposition.  
However, there was no thick layer on the surface of LiMn2O4 cathode with TMSPi additive, also 
intensity of C, F and P elements in EDS spectra decreased remarkably. This implies that the TMSPi-
derived SEI layer formed at precycling was maintained and effectively alleviated further electrolyte 
decomposition during cycling at 60 °C. The distinction between TMSPi-added and other electrolytes 
can be ascribed to the difference in the electrochemical nature of the SEI layer formed on LiMn2O4 
cathode. (Fig. 25) 
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Figure 24. SEM images of the LiMn2O4 cathodes after precycle at 30 °C. (a) base electrolyte, (b) 0.5 
wt.% TMSPi-added, (c) 1.0 wt.% TMSPi–added and after stored 20 days at 60 °C (a’) base electrolyte, 
(b’) 0.5 wt.% TMSPi-added, (c’) 1.0 wt.% TMSPi-added.  
 
 
 
 
Figure 25. EDS patterns and SEM images of the LiMn2O4 cathodes after 150
th
 cycle at 60 °C. (a) base 
electrolyte, (b) 0.5 wt.% TMSPi-added, (c) 1.0 wt.% TMSPi-added.  
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To investigate the formation of the LiMn2O4 cathode SEI layer by TMSPi or not, the surface 
chemistry of the LiMn2O4 cathode were confirmed by a comparison of the ex-situ X-ray photoelectron 
spectroscopy (XPS) spectra measured from the cathodes cycled in the base electrolyte and TMSPi-
added electrolyte after precycling at 30 °C and after 5 cycles at 60 °C. Considering the potentials at 
which Li
+
 ions were extracted from the LiMn2O4 cathode, electrolyte components would be oxidized 
and the SEI may be formed on the cathode surface.  
Fig. 26 and Fig. 27 show the F 1s and P 2p spectra of the SEI layer formed on the LiMn2O4 
cathode cycled in the base and the TMSPi-added electrolyte after precycling at 30 °C and after 5 
cycles at 60 °C. The F 1s core level peaks assigned to the P-F moiety and LiF were clearly shown on 
the surface of cathode and the peak intensity corresponding to LiF increased remarkably after 5 cycles 
at 60 °C in the base electrolyte, compared to after precycling at 30 °C. Labile P-F bonds of LiPF6 salt 
were highly liable to hydrolysis even if trace amounts of existing moisture in the electrolyte 
solution.
59-60
  
 
                        LiPF6  →  LiF + PF5                        (1) 
                        PF5 + H2O  →  POF3 + 2HF                     (2) 
                   HF + Li
+
 + e
-
  →  LiF + 1/2 H2↑                    (3) 
 
The resulting HF severely reacted with Li
+
 ions to form LiF as the SEI layer components in the 
base electrolyte during cycling and caused the loss of active Li
+
 ions. However, the LiF peak intensity 
for the SEI layer on the cathode cycled in TMSPi-added electrolyte had much lower than that of the 
SEI layer on the cathode cycled in the base electrolyte. The role of TMSPi additive may eliminate HF 
from the electrolyte solution and result in the suppression of LiF formation on the LiMn2O4 cathode. 
This mechanism of HF removal is expected to restrain the dissolution of manganese ions from the 
LiMn2O4 cathode. If the TMSPi is not completely consumed to form SEI layer on the LiMn2O4 
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cathode, it can react with HF in the electrolyte solution and lead to the formation of -P-F. (Fig. 30) 
And aside from this reaction, TMSPi can directly react with HF and result in the formation of 
compounds with -P-OH and F-Si(CH3)3. The possible mechanisms for the HF removal by TMSPi 
additive are displayed in Fig. 31.  
The P 2p spectra of Fig. 27 clearly show that the SEI layer on the cathodes cycled in the base and 
the TMSPi-added electrolyte include LixPFyOz and LixPFy which show peaks at ~134 eV and ~136 eV, 
respectively. Although the cathode was cycled during 5 cycles at 60 °C in TMSPi-added electrolyte, 
the peak intensity in ex-situ XPS attributed to LiF was almost same with the SEI layer of the cathode 
precycled at 30 °C. The remarkable intensity of these peaks increased in TMSPi-added electrolyte. 
Specially, intensity of F-P-O peak was a rapid increase after 5
 
cycles at 60 °C. This is likely because 
F-P-O intermediates were generated by the decomposition reactions of TMSPi upon cycling at 60 °C. 
(possible reactions of Fig. 31) 
Also, comparison of C 1s and O 1s XPS spectra for the SEI layer on the cathodes cycled in the 
base and TMSPi-added electrolytes reveals that the relative fraction of carboxylate/carbonate (C=O) 
and ethers (C-O-C) in TMSPi-added electrolyte increased comparing to the base electrolyte. (Fig. 28) 
Ethers can be formed by the reaction between -P-F species and organic solvents such as EC in 
electrolyte, and carbonate/carboxylate can be made by the reaction between the oxy radical (-P-O•) 
and EC. (Fig. 31) From the XPS results, we confirmed that TMSPi modifies the surface chemistry of 
the SEI layer not only from organic components of decomposed solvent in electrolyte but also product 
by reaction with inorganic materials. And the resulting SEI layer prevents further electrolyte 
decomposition by its stability during cycling and sustains the electrochemical performance of the 
LiMn2O4 cathode. 
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Figure 26. F 1s XPS spectra of the LiMn2O4 cathodes after precycle at 30 °C and 5
th
 cycle at 60 °C. 
 
 
 
Figure 27. P 2p XPS spectra of the LiMn2O4 cathodes after precycle at 30 °C and 5
th
 cycle at 60 °C.  
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Figure 28. C 1s and O 1s XPS spectra of the LiMn2O4 cathodes after precycle at 30 °C and 5
th
 cycle 
at 60 °C.  
 
 
 
 
Figure 29. Li 1s, C 1s and P 2p XPS depth profiling of the LiMn2O4 cathodes after 150
th
 cycle at 
60 °C.  
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  So, TMSPi oxidative additive, may contribute to form stable SEI layer on spinel LiMn2O4 cathode, 
modify the surface chemistry of spinel LiMn2O4 cathode, and improve the cycling stability of 
LiMn2O4 cathode. Cycling tests of LiMn2O4 cathodes at elevated temperature confirmed that robust 
SEI layer was essential to inhibit unwanted electrolyte decomposition. Furthermore, the effect of 
TMSPi on the chemical structure of the SEI layer composed of phosphorous-based species with ether 
and carboxylate/carbonate moieties and less LiF was clearly presented by ex situ XPS analysis after 
cycling.  
 
 
 
 
 
 
 
Figure 30. Schematic illustration for a role of TMSPi additive for lithium manganese oxide. 
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Figure 31. Schematic representation of possible mechanisms for TMSPi decomposition. 
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4.2. Role of TMSPi additive in electrolyte 
 
To convince the practical impact of TMSPi additive in electrolyte, chemical properties of the 
additive was performed by Coulometric Karl Fischer (KF) titration and nuclear magnetic resonance 
(NMR) for analysis. 
As a result of Karl Fischer titration, water content of base electrolyte (EC/EMC (3/7, v/v) 1.0M 
LiPF6) was determined, 31.0 ppm. According to increasing weight percentage of TMSPi additive, 
water content of electrolyte was provided to decrease. 21.5 ppm of water was detected in the 
electrolyte with 0.5 wt.% TMSPi additive. And 13.3 ppm and 8.6 ppm of water were found in each 
electrolyte with 1.0 wt.% and 3.0 wt.% TMSPi additive. (Table. 4) So, TMSPi additive is capable of 
scavenging water then, prevent hydrolysis of lithium hexafluorophosphate that generates hydrogen 
fluoride (HF) which is precursor to accelerate manganese dissolution. 
 
 
 
 
 
 
 
Table 4. Water contents of each electrolyte with/without TMSPi addtive by Karl Fischer titration. 
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To clarify the significant role of TMSPi on the HF removal from the electrolyte, 5 wt.% water was 
added to the base electrolyte and TMSPi-added electrolyte and the resulting solutions were stored for 
16 hours at room temperature. The 
19
F NMR spectrum of the base electrolyte with 5 wt.% water 
presents three different doublets consistent with a single phosphorous coupled to each fluorine as the 
solvent THF-d8. (Fig. 32)  
A doublet peak at the chemical shift of -72.3 ppm and -72.6 ppm corresponds to PF6
- 
anion. The 
peaks at around -75.1 ppm and -76.7 ppm are assigned to PO3F
2-
. And peaks with -82.6 ppm and -84.3 
ppm as well as doublet attributed to PO2F2
-
. PO3F
2- 
and PO2F2
- 
were produced by the hydrolysis of 
LiPF6 in presence of water, respectively. For the TMSPi-added electrolyte with 5 wt.% water is the 
disappearance of not only PO3F
2- 
at around -76 ppm and also PO2F2
-  
at around -83 ppm. It is implied 
that TMSPi additive could prevent the hydrolysis of LiPF6.  
Considering the high hygroscopicity of LiPF6, LiPF6 is contaminated with water that cause to 
hydrolysis of F-containing anion. The hydrolysis of LiPF6 has studied in complex reaction mechanism. 
HF which is formed by hydrolysis of LiPF6 makes unwilling influence on the performance of LIBs. It 
is mainly supposed that the complex decomposes forming phosphorus pentafluoride and lithium 
fluoride followed by the interaction between the phosphorus pentafluoride formed and water in the 
first stage of the reaction: 
59-60 
 
LiPF6 → LiF + PF5                      (1) 
PF5 + H2O → POF3 + 2HF                   (2) 
 
TMSPi seems to allow avoiding the LiF formation through HF produced by the hydrolysis of 
LiPF6, which may lead to the formation of LiF on the cathode surface. Indeed, the resonance 
characteristic of HF at -153 ppm apparently disappeared in the electrolyte with TMSPi. (Fig. 32) This 
result is persuasive evidence that TMSPi effectively eliminates HF from the electrolyte solution.  
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The 
31
P NMR spectra for the without and with TMSPi electrolytes with 5 wt.% water provides the 
additional evidence, which TMSPi inhibits the generation of PO3F
2- 
and PO2F2
-
 speices by reactions 
between water and PF5/LiPF6. (Fig. 33) 
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Figure 32. 
19
F NMR spectra of the electrolyte solutions after hydrolysis tests. 
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Figure 33. 
31
P NMR spectra of the electrolyte solutions after hydrolysis tests. 
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4.3. Additives on electrochemical performance of LiMn2O4/graphite cells 
 
Fig. 34 shows cycling performance behavior of LiMn2O4/graphite full cells with/without 1.0 wt.% 
VC additive according to addition of 1.0 wt.% TMSPi additive. The cells were cycled at 0.5C rate 
under constant applied current over the range between 2.75 V and 4.2 V during 150 cycles at 60 °C. 
As a result, the cell containing TMSPi and VC additive was performed the most maintaining 
capacity during cycling. The cells of other three cases electrolyte suffered sharply decaying capacity 
until 70
th
 cycle. This implies that additives, not only VC which is reducible additive reported as good 
for generating SEI layer on graphite anode can play a role of for stable SEI layer on graphite,
 64-65
 but 
also TMSPi additive that assists suppression of manganese dissolution phenomenon for build-up 
organic-inorganic complex protective layer on the surface of electrode on LiMn2O4 cathode need for 
LiMn2O4/graphite full cell during cycling at 60 °C. However, there is no comparison of coulombic 
efficiency about cycled cells. (Fig. 35) 
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Figure 34. Cycle performance of LiMn2O4/graphite full cells using 1.0M LiPF6 in EC/EMC (3/7, v/v) 
as electrolyte (a) without additive, (b) with 1.0 wt.% TMSPi, (c) 1.0 wt.% VC and (d) 1.0 wt.% VC + 
1.0 wt.% TMSPi at 60 °C. Charge-discharge rate was 0.5C rate between 2.75 V and 4.2 V. 
 
 
 
 
 
Figure 35. Coulombic efficiency of LiMn2O4/graphite full cells using 1.0M LiPF6 in EC/EMC (3/7, 
v/v) as electrolyte (a) without additive, (b) with 1.0 wt.% TMSPi, (c) 1.0 wt.% VC and (d) 1.0 wt.% 
VC +1.0 wt.% TMSPi at 60 °C. Charge-discharge rate was 0.5C rate between 2.75 V and 4.2 V. 
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To elucidate the lithium extraction from graphite via manganese deposition on the anode, X-ray 
diffraction (XRD) patterns of graphite anodes stored at 60 °C in electrolytes with and without TMSPi 
are obtained. (Fig. 36) The peak indicated 26.5 ° is attributed to graphite (002) plane. When charged 
state of graphite/lithium half cell and lithiated graphite/delithiated lithium manganese oxide full cells 
were stored in a TMSPi-free electrolyte, the peak related to LiC6 (located at 24 °) and assigned to 
LiC12 (located at 25.2 °) observed. As a results, there were no considerable changes in the peaks of 
LiC6 and LiC12 when lithiated graphite anodes were stored in half cells with and without TMSPi 
additive. The peak indicated LiC6 and LiC12 mostly retained in a half cells. Contrarily, the LiC6 peak 
of lithiated graphite/delithiated lithium manganese oxide full cells without TMSPi additive vanished 
and the peak of LiC12 increased in particular. However, the case of cells with TMSPi additive 
maintained LiC6 peak still after stored 20 days at 60 °C. There is only a slight diminution in the LiC6 
peak intensity. This result shows that SEI from effect of TMSPi oxidation might protect cathode 
surface and minimize the manganese dissolution and migration to lithiated graphite anode.  
It is believed that the state of charge (SOC) of lithiated graphite in half cells slightly changes 
during storing at 60 °C, while the SOC of graphite significantly decreases during storing with 
delithiated lithium manganese oxide. In comparison, when stored in TMSPi-containing electrolytes, 
the reduction of the peak intensity attributed to LiC6 was much lower than that of the electrolyte 
without TMSPi. This indicates that TMSPi additive may inhibit the manganese migration toward the 
anode and effectively diminishes the lithium extraction from graphite. 
  Also, it is confirmed that there are uniform and stable VC-derived SEI layer on during storing at 
60 °C by FT-IR spectra measured using ATR mode. In long-term storing, polymeric VC on anode 
surface slightly decomposed is observed. The components such as alkyl carbonate, lithium carbonate 
are intensely similar before and after stored 20 days at 60 °C. This means that influence of TMSPi 
additive for anode surface is negligible by behavior and intensity of peaks. (Fig. 37) 
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Figure 36. XRD patterns of lithiated graphite anodes before and after stored in VC-added EC/EMC 
(3/7, v/v) 1M LiPF6 (a) without TMSPi additive and (b) with 1.0 wt.% TMSPi additive. 
 
 
 
Figure 37. FT-IR spectra for lithiated graphite anodes of LiMn2O4/graphite full cells before and after 
stored at 60 °C in VC-added EC/EMC (3/7, v/v) 1.0M LiPF6 with and without TMSPi additive. (a) 
pristine graphite anode, before stored (b) without TMSPi additive, (c) with 1.0 wt.% TMSPi additive, 
after stored 20 days at 60 °C (d) without TMSPi additive, and (e) with 1.0 wt.% TMSPi additive.  
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The discharge capacity retention behaviors of LiMn2O4/graphite full cells are shown in Fig. 38. A 
cell with base electrolyte yielded poor capacity retention. When VC was used as a SEI former for 
graphite, discharge capacity of the cell remarkably decreased from 104.5 to 70.5 mAh g
-1
 (retention = 
67.5 % based on initial discharge capacity) after stored 20 days at 60 °C. Large capacity loss of 
LiMn2O4/graphite full cell charged in EC/EMC 1M LiPF6 with 1.0 wt.% VC was due to the reduction 
of cathode materials by the manganese dissolution and the lithium extraction from lithiated graphite 
resulting from SEI breakdown and electron consumption via the manganese deposition. (base 
electrolyte: 105.18 to 60.15 mAh g
-1
 (retention = 57.2 %)) On the other hand, the addition 1.0 wt.% 
TMSPi additive led to significant improvement of discharge capacity retention 74.1 % from 103.7 to 
76.8 mAh g
-1
 after stored 20 days at 60 °C, as shown in Fig. 38. This is because TMSPi contributed to 
form the protective film on the LiMn2O4 cathode for hindering the manganese dissolution. 
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Figure 38. Discharge capacity retention of delithiated LiMn2O4/graphite full cells after stored at 60 °C 
for different times using 1.0M LiPF6 in EC/EMC (3/7, v/v) as electrolyte (a) without additive, (b) with 
1.0 wt.% TMSPi, (c) 1.0 wt.% VC and (d) 1.0 wt.% VC + 1.0 wt.% TMSPi at 60 °C. 
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To confirm the suppression of manganese migration toward graphite anode and deposition on the 
graphite surface by TMSPi effect, the SEM observation was performed in combination with EDS, for 
graphite during storing 20 days at 60 °C and cycled after 150 cycles at 60 °C were carried out, as 
shown in Fig. 39 and Fig. 40. SEI layer formation by VC additive was composed by Poly(VC), alky 
carbonate, lithium carbonate, ether and ester moiety are shown high oxygen peak of EDS results. 
Manganese element signal was clearly shown on lithiuated graphite stored in the electrolyte without 
TMSPi, while the addition of TMSPi excluded the peak assigned to manganese. This indicates that 
TMSPi-derived protective layer on the cathode prohibits the manganese from dissolving into an 
electrolyte and the dissolved manganese from migrating toward graphite anode.  
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Figure 39. EDS patterns and SEM images of the graphite anodes after stored 20 days at 60 °C with 
VC-added EC/EMC (3/7, v/v) 1.0M LiPF6 (a) without TMSPi additive, and (b) with 1.0 wt.% TMSPi 
additive. 
 
 
 
Figure 40. EDS patterns and SEM images of the graphite anodes after 150
th
 cycle at 60 °C with VC-
added EC/EMC (3/7, v/v) 1.0M LiPF6 (a) without TMSPi additive, and (b) with 1.0 wt.% TMSPi 
additive. 
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  As previous results, TMSPi could restrain LiF production by combination with water or HF. And 
oxidation of TMSPi made organic-inorganic architecture of SEI layer to protect surface of LiMn2O4 
cathode proven by XPS spectra. (Fig. 26, 27, 28) Like this, it is confirmed that F 1s XPS spectra of 
the LiMn2O4 cathodes in LiMn2O4/graphite full cell after precycle at 30 °C shows the same aspects as 
that of LiMn2O4/Li half cell after precycle at 30 °C. (Fig. 41) There are two peaks in F 1s assigned to 
the P-F moiety and LiF. It is equivalent to LiMn2O4 half cells that much lower LiF for the SEI layer 
on the LiMn2O4 cathode cycled in VC and TMSPi-added electrolyte than that of the SEI layer on the 
cathode cycled in the only VC-added electrolyte. The role of TMSPi additive can demonstrate in not 
only half cell but also full cell as expected. By reaction of HF and TMSPi, the intensity of P-O peak 
(133.5 eV) in cell with multiple additives has significant higher than that of P-O peak in cell with only 
VC additive. (Fig. 41)  
Additionally, O 1s XPS peaks for the SEI layer on the cathodes and anode with and without 
TMSPi-added electrolytes are observed that the relative fraction of carboxylate/carbonate (C=O) and 
ethers (C-O-C) in TMSPi-added electrolyte increases compared to the base electrolyte. (Fig. 42) 
These originate from carbonate group by polymerization of VC on anode surface and P-O based 
protection layer on the cathode. It exhibits clearly that TMSPi reacted with EC to make ether and ester 
and carbonate group of the surface layer on the LiMn2O4 cathode with TMSPi additive and VC 
additive produces ethers (C-O-C) and carboxylate as the dominant species of the surface layer on the 
graphite anode. 
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Figure 41. F 1s and P 2p XPS spectra of the LiMn2O4 cathodes of LiMn2O4/graphite full cell with 
VC-added electrolyte with/without TMSPi additive after precycle at 30 °C. 
 
 
 
 
 
 
 
Figure 42. O 1s XPS spectra of the LiMn2O4 cathodes and graphite of LiMn2O4/graphite full cell with 
VC-added electrolyte with/without TMSPi additive after precycle at 30 °C. 
  
73 
 
From the XRD, ATR and XPS results, it is confirmed that TMSPi modifies the surface chemistry 
of the SEI layer not only from organic components of decomposed solvent in electrolyte to protect 
LiMn2O4 cathode but also from products by reaction with inorganic intermediate materials. And the 
SEI layer by TMSPi additive on surface of cathode prevents to manganese dissolution and SEI layer 
by VC additive protect surface of anode from manganese deposition and releasing lithium ions. So, it 
is effect and efficient for spinel LiMn2O4/graphite full cells at 60 °C with oxidative TMSPi additive 
for LiMn2O4 cathode and reducible VC additive for graphite anode.  
 
 
 
 
 
 
Figure 43. Schematic illustration for the manganese dissolution from a delithiated lithium manganese 
oxide cathode and the manganese deposition on a graphite anode in a cell. 
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V. Conclusion 
 
It is the first time to demonstrate that TMSPi additive, which can function as elimination of 
residual water and HF in the electrolyte and modify the surface chemistry of spinel LiMn2O4 cathodes, 
significantly improve the electrochemical properties and stabilize surface of spinel LiMn2O4 cathodes 
by forming protection layer chemically. Cycling tests of cathodes at elevated temperature confirmed 
that robust SEI layer is essential to inhibit unwanted electrolyte decomposition and to preserve 
electrochemical properties of spinel LiMn2O4 cathodes half cell. Furthermore, the effect of TMSPi 
was clearly presented on the SEI layer composed of phosphorous-based species with ether and 
carboxylate/carbonate moieties and less LiF by ex situ XPS analysis after cycling. Moreover, unique 
function of TMSPi additive eliminating residual water and HF from the electrolyte solution was 
elucidated by 
19
F and 
31
P NMR studies. Finally, TMSPi additive can achieve noticeable improvement 
of discharge capacity of half and full cells, and capacity retention of full cells during storing 60 °C. It 
is effect and efficient for enhancing spinel LiMn2O4/graphite full cells at 60 °C with oxidative TMSPi 
additive for protecting manganese dissolution of LiMn2O4 cathode and reducible VC additive for 
preventing manganese deposition on graphite anode. 
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